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APC    antigen presenting cells 
BALT    bronchus-associated lymphoid tissue 
BCL6   B cell lymphoma 6 protein 
β2m    β2-microglobulin 
CD    cluster of differentiation 
CTLA4   cytotoxic T lymphocyte antigen 4 
CXCR5  C-X-C motif chemokine receptor 5 
dn    double-negative 
dp    double-positive 
e.g.    exempli gratia / for example 
EOMES   Eomesodermin 
FoxP3   forkhead box p3 
GALT    gut-associated lymphoid tissue 
IBD    inflammatory bowel disease 
i.e.    id est / that is to say 
IEL   intraepithelial lymphocytes 
IFN-γ    interferon γ 
Ig    immunoglobulin 
IL    interleukin 
LPS    lipopolysaccharide 
MAIT cell  mucosa-associated invariant T cell 
MALT    mucosa-associated lymphoid tissue 
MHC    major histocompatibility complex 
MHCI    major histocompatibility complex class I 
MHCII    major histocompatibility complex class II 
MR1    major histocompatibility complex class I-related gene protein  
NK cell   natural killer cell 
NKG2D   natural killer group 2, member D 
NKT cell   natural killer T cell 
 
 
PAMP    pathogen-associated molecular patterns 
PMA    phorbol-myristate-acetate 
PP   Peyer’s patches 
PRR    pattern recognition receptors 
RACE    rapid amplification of cDNA ends 
RAE1   retinoic acid early transcript 1 
resp.    respectively 
RORγT   retinoic acid receptor‐related orphan receptor γT 
SLE    systemic lupus erythematosus 
sp    single-positive 
T-bet    T-box transcription factor TBX21 
TCM    central memory T cell 
TCR   T cell receptor 
TCRαβ  T cell receptor αβ 
TCRγδ   T cell receptor γδ 
TEM    effector memory T cell 
Tfh    follicular T helper cell 
TGF-β   transforming growth factor β 
Th    T helper cell 
Th1    Type 1 T helper cell 
Th2    Type 2 T helper cell 
Th9    Type 9 T helper cell 
Th17    Type 17 T helper cell 
TNF-α   tumor necrosis factor α 
Treg    regulatory T cell 





Adequate healthcare for animals gains more and more in importance. This includes on the one hand 
professional specialization in veterinary medicine, and on the other hand an in-depth understanding 
of the physiological and pathophysiological processes in different species. This dissertation is dedi-
cated to the dog, our beloved companion as pet, experimental or working dog whose immune system 
is still not fully understood. 
1.1 The innate and adaptive immune system of mammals 
In general, the immune system of mammals can be divided into an innate and an adaptive branch. 
Both include cellular and humoral components. Cells of the innate immune system, like phagocytes 
(e.g. macrophages, dendritic cells, neutrophil granulocytes) or natural killer (NK) cells constitute the 
first line of defense against invading pathogens. Usually, they are activated by common structural 
characteristics of pathogens, so-called pathogen-associated molecular patterns (PAMPs) (e.g. lipo-
polysaccharide (LPS) found on all gram-negative bacteria, see WANG and QUINN 2010) binding to 
pattern recognition receptors (PRR) (JANEWAY and MEDZHITOV 2002).  
In a second step, cells of the adaptive immune system, i.e. T and B cells (lymphocytes) are activated. 
Their response is more target-oriented. They are capable of recognizing unique structural charac-
teristics of one special pathogen (e.g. the gram-negative bacterium Pseudomonas aeruginosa). 
These specific structures are called antigens. Another feature of T and B cells is the induction of 
immunological memory. This means that once the specific B or T cell has encountered its specific 
antigen, the immune response on the second encounter is much faster and more efficient (BONILLA 
and OETTGEN 2010, NETEA et al. 2019). B cells are known as effective antibody producers and 
can present antigen to T cells. Further functions and subtypes of B cells can be found elsewhere 
(SEIFERT and KÜPPERS 2016). 
1.2 Conventional αβ T cells 
Each T cell has a T cell receptor enabling it to bind to its specific antigen. The T cell receptor of 
conventional T cells is T cell receptor αβ (TCRαβ), a heterodimer consisting of variable α and β 
polypeptide chains. TCRαβ forms a complex with cluster of differentiation (CD) 3, which is essential 
for the intracellular signaling cascade (CLEVERS et al. 1988). As CD3 can be found on all T cells 
independent of the T cell receptor subtype, it is used as a global T cell marker to detect T cells by 
flow cytometry (MOUSSET et al. 2019) or immunohistology (CHETTY and GATTER 1994).  
TCRαβ binds to antigen, which is either presented by professional antigen presenting cells (APC), 
e.g. macrophages, dendritic cells, or B cells via major histocompatibility complex class II (MHCII) or 




via MHCI or II: The two main subtypes are CD8αβ+ cytotoxic T cells and CD4+ T helper resp. regula-
tory T cells. The nomenclature originates from the corresponding T cell co-receptor found on their 
surface (GERMAIN 2002, WIECZOREK et al. 2017). The binding of the co-receptor to conserved 
regions of MHC is important for optimal activation of the αβ T cell (KÖNIG 2002).  
1.2.1 Cytotoxic CD8αβ+ T cells 
Conventional cytotoxic T cells are characterized by expression of CD8αβ, a heterodimeric molecule 
consisting of two polypeptide chains α and β (ZAMOYSKA 1994) (Figure 1A). Even though a CD8αα 
homodimer exists, there is evidence that it does not work as a TCRαβ co-stimulatory molecule 
(CHEROUTRE and LAMBOLEZ 2008, GANGADHARAN and CHEROUTRE 2004, MCNICOL et al. 
2007). CD8αβ+ cytotoxic T cells control the body cells for possibly invading intracellular pathogens 
(e.g. viruses), which are presented to them via MHCI. Cytotoxic T cells can also be able to detect 
genetic changes in body cells, such as tumor cells (ANDERSEN et al. 2006). Once the target cell is 
identified, the cytotoxic T cell secretes perforin and granzymes into the intercellular space. Perforin 
leads to a permeability of the target cell’s surface membrane, through which the granzymes can 
enter the cell interior and initiate apoptosis (TRAPANI and SMYTH 2002). Alternatively, apoptosis 
can be induced by interaction between the Fas receptor on the target cell and the Fas ligand on the 
cytotoxic T cell (WARING and MÜLLBACHER 1999). An activated cytotoxic T cell releases the cy-
tokines interferon γ (IFN-γ) and tumor necrosis factor α (TNF-α) to enhance cytotoxicity (ANDERSEN 
et al. 2006). The key transcription factors for cytotoxic T cells to gain effector functions are T-box 






Figure 1: Subsets of conventional αβ T cells. Conventional αβ T cells consist of CD8αβ+ cytotoxic (A) and 
CD4+ T cells (B). The latter comprise T helper (Th, C - E) and regulatory (Treg, F) T cells. Depicted are the 
secreted proteins granzyme B and perforin resp. T helper subtypes (written in white within cytosol), master 
transcription factors (written in white within nuclei) and main cytokines (written in black outside the cell). TCR: 
T cell receptor; CD: Cluster of Differentiation; GrB: granzyme B; T-bet: T-box transcription factor TBX21; 
EOMES: Eomesodermin; IFN-γ: interferon γ; IL: interleukin; RORγT: retinoic acid receptor-related orphan re-
ceptor-γT; FoxP3: forkhead box P3; TGF-β: transforming growth factor β 
1.2.2 CD4+ T cells 
A common feature of all CD4+ αβ T cells is the binding of their T cell receptor to antigen presented 
via MHCII on professional APC (WIECZOREK et al. 2017). Once activated, they develop either into 
T helper (Th) or into regulatory T cells (Treg). The various Th cell subtypes as well as Treg can be 
differentiated according to their specific cytokine pattern and lineage-specific master transcription 
factors (ZHU 2018) (Figure 1B – F). 
1.2.2.1 CD4+ T helper cells 
Type 1 T helper cells (Th1) play a crucial role during infections with intracellular pathogens. Typical 
examples are infections with Mycobacterium tuberculosis (JASENOSKY et al. 2015) or Leishmania 




factor T-bet (Figure 1C). T-bet activates the characteristic effector cytokine IFN-γ, which leads for 
instance to classical activation of macrophages and increased MHCI and MHCII expression (SZABO 
et al. 2000, SZABO et al. 2002, SZABO et al. 2003).  
By production of the cytokine interleukin 4 (IL-4), Type 2 T helper cells (Th2) contribute to antibody 
class switch of B cells from immunoglobulin (Ig) M to IgG1 or IgE (JUNTTILA 2018, KOPF et al. 
1993). Furthermore, release of IL-5 and IL-13 leads to recruitment of eosinophils resp. increased 
mucus production and bronchoconstriction (FINKELMAN et al. 2010). Therefore, Th2 are essential 
for humoral immune responses, during helminth infections and pathogenesis of allergic diseases 
(NAKAYAMA et al. 2017). ZHANG et al. 1997 and ZHENG and FLAVELL 1997 found that GATA-3 
is the key transcription factor for the development of Th2 (Figure 1D). 
During the last 20 years, it has become apparent that there are further subtypes besides classical 
Th1 and Th2. A T helper lineage characterized by the production of IL-17 was discovered and called 
Th17 cells (LANGRISH et al. 2005, MCKENZIE et al. 2006, WEAVER et al. 2006). Shortly afterwards 
retinoic acid receptor-related orphan receptor γT (RORγT) was identified as crucial transcription fac-
tor for Th17 specific cytokine production (IVANOV et al. 2006). Nowadays, IL-17 and IL-22 are re-
garded as main cytokines of Th17 (Figure 1E). IL-17 is a pro-inflammatory cytokine providing pro-
tection at epithelial barriers, e.g. by attracting neutrophil granulocytes. IL-22, on the other hand, is 
mainly a homeostatic cytokine characterized for instance by promotion of epithelial repair. Hence, 
Th17 are involved in the pathogenesis of a variety of autoimmune diseases, e.g. psoriasis (EYERICH 
et al. 2017).  
In addition to Th17, several T helper subtypes have been identified: Amongst others, follicular T 
helper cells (Tfh) specialized on B cell help (CROTTY 2011), or Type 9 T helper cells (Th9) (KAPLAN 
et al. 2015) should be mentioned here. 
1.2.2.2 CD4+ regulatory T cells 
In contrast to pro-inflammatory cytotoxic CD8αβ+ cytotoxic and CD4+ T helper cells, CD4+ regulatory 
T cells (Treg) are responsible for avoiding an exuberant immune response and thus prevent autoim-
munity (CORTHAY 2009). In the nineties, a suppressive CD4+ T cell subtype which produces the 
anti-inflammatory cytokines IL-10 and transforming growth factor β (TGF-β) was discovered (CHEN 
et al. 1994, GROUX et al. 1997). Furthermore, Treg express co-inhibitory molecules like cytotoxic T 
lymphocyte antigen 4 (CTLA4) to downregulate professional APC (ROWSHANRAVAN et al. 2018). 
Deficiency in Treg causes the development of severe autoimmune diseases, whereas a high number 
of Treg in cancer environment can lead to the suppression of effector T cells resulting in tumor growth 




SAKAGUCHI et al. 1995 could show that the maintenance of Treg is dependent on IL-2, an important 
T cell growth factor, and that Treg constitutively express CD25, the IL-2 receptor α-chain. Hence, 
CD25 is a useful marker to identify Treg (SAKAGUCHI et al. 1995, SAKAGUCHI et al. 2007). Of 
note, IL-2 is an important cytokine for the generation of effector and memory T cells and activated 
CD4+ T helper and CD8αβ+ cytotoxic T cells upregulate CD25 as well (ABBAS et al. 2018). Since 
the identification of the transcription factor forkhead box P3 (FoxP3) as master transcription factor of 
Treg, they can be described as CD4+CD25+FoxP3+ Treg (FONTENOT et al. 2003, HORI 2003, 
KHATTRI et al. 2003) (Figure 1F).  
1.3 Non-conventional T cells 
The term ‘unconventional T cells’ is used by GODFREY et al. 2015 and PELLICCI et al. 2020 to 
describe T cells in humans and mice that do not recognize peptide antigen via the classical MHC-
TCRαβ pathway. This group of T cells mainly comprises natural killer T (NKT) cells, mucosal-asso-
ciated invariant T (MAIT) cells and γδ T cells (GODFREY et al. 2015, PELLICCI et al. 2020). NKT 
cells are characterized by expression of a semi-invariant TCRαβ which binds to lipid antigens pre-
sented by CD1d (TANIGUCHI et al. 2015). In dogs, expression of CD1d (and with it the existence of 
functional NKT cells in vivo) might be divergent due to structural differences of the canine CD1d 
gene in comparison to humans (VAN LOORINGH BEECK et al. 2013). MAIT cells are specialized 
for the recognition of microbial-derived vitamin B metabolites presented by major histocompatibility 
complex class I-related gene protein (MR1) (GODFREY et al. 2019, PELLICCI et al. 2020). 
In order to include T cells whose pathway of antigen recognition is not yet fully understood, ‘non-
conventional T cells’ are defined here as T cells that differ from conventional αβ T cells either in co-
receptor or TCR expression. 
1.3.1 CD4+CD8α+ double-positive T cells 
T cells that express CD4 as well as CD8 (CD8αα or CD8αβ, hereafter referred to as CD8α+) are 
known as an immature stage during T cell development in the thymus (KOCH and RADTKE 2011). 
However, in several species (e.g. monkeys, humans, chicken, mice, pigs, horses and rats) mature 
CD4+CD8α+ double-positive (dp) T cells could be isolated from peripheral blood or tissues (AKARI 
et al. 1997, BLUE et al. 1986, LUHTALA et al. 1997, MOSLEY et al. 1990, RANERA et al. 2016, 
SAALMÜLLER et al. 1987, TAKIMOTO et al. 1992). They differ from thymocytes in the lack of thymic 
markers, and in their expression of activation and/or memory markers (OVERGAARD et al. 2015, 
ZUCKERMANN 1999). As described above, T cells become activated upon antigenic stimulation 
and differentiate into effector cells. After successful elimination of the pathogen, the majority of ef-




memory T cells, TCM) or migrates to the tissues (effector memory T cells, TEM). In a second en-
counter of pathogen and memory T cell, the immune response is accordingly faster (JAMESON and 
MASOPUST 2018). In swine, activation and memory formation of CD4+ Th is associated with upreg-
ulation of CD8αα. This results in a CD4+CD8ααdim dp phenotype that makes up to 60% of all T cells 
in an age-dependent manner (PESCOVITZ et al. 1994, SAALMÜLLER et al. 1987). Porcine 
CD4+CD8ααdim dp memory T cells are either CD27+ with high proliferative capacity and IL-2 produc-
tion (referred to as TCM), or CD27- rather producing IFN-γ and TNF-α with less proliferative potential 
(referred to as TEM) (GERNER et al. 2015). SUMMERFIELD et al. 1996 showed a strong prolifera-
tion of CD4+CD8ααdim dp T cells from pigs immunized with pseudorabies virus upon viral recall anti-
genic stimulation. Thus, CD4+CD8ααdim dp T cells of pigs are a widely accepted T cell subpopulation 
involved in the immune response to various pathogens (reviewed by GERNER et al. 2015). In the 
human species, CD4+CD8α+ dp T cells seem to play a role in several diseases, especially autoim-
mune disorders, infections, or cancer (NISHIDA et al. 2020, OVERGAARD et al. 2015). Following 
subcutaneous vaccination, CD4+CD8α+ dp T cells accumulate in the skin of mice suggesting potent 
functions during immune response (OVERGAARD et al. 2017). To exclude that CD4+CD8α+ dp T 
cells could primarily be aggregates of single-positive (sp) cells (KELLY et al. 1988), OVERGAARD 
et al. 2017 showed via Amnis ImageStream - a method that combines flow cytometry with micros-
copy - that they definitely exist in mice. For canine peripheral blood CD4+CD8α+ dp T cells, this was 
confirmed by our group (unpublished data).  
First reports about a CD4+CD8α+ dp T cell population in dogs came up during analyses of canine 
umbilical cord blood (OTANI et al. 2008), and in context with canine leishmaniasis (ALEXANDRE-
PIRES et al. 2010). At the same time, SCHÜTZE et al. 2009 found that canine CD4+CD8α+ dp T cells 
proliferate upon restimulation with Parapoxvirus ovis. This interesting observation led to a compre-
hensive characterization of canine peripheral blood CD4+CD8α+ dp T cells revealing their mature 
extrathymic (i.e. lack of the thymic marker CD1a) TCRαβ+ phenotype (BISMARCK et al. 2012). In 
addition, most of these cells constitutively express markers of activation (CD25, MHC-II) and exhibit 
an effector memory phenotype with high potential for IFN-γ production (BISMARCK et al. 2012, 
ROTHE et al. 2017). Canine CD4+CD8α+ dp T cells of peripheral blood are not a homogeneous 
population, but can be divided into three subpopulations: CD4brightCD8αdim, CD4brightCD8αbright, and 
CD4dimCD8αbright (BISMARCK et al. 2012). Particularly noteworthy is the CD4brightCD8αbright subpop-
ulation, as it is the population with the highest activation status and most effector memory cells 
(ROTHE et al. 2017). Interestingly, the CD8α molecule of this subpopulation is not CD8αβ, but 
CD8αα (BISMARCK et al. 2012), raising questions about the function and origin of this subpopula-
tion. An elegant study was performed by BISMARCK et al. 2014 showing that canine peripheral 
blood CD4+CD8α+ dp T cells mostly develop from CD4+ single-positive (sp) T cells by upregulation 
of CD8α. Nevertheless, to a limited extent canine CD8α+ sp T cells are also capable of developing 




CD4+CD8α+ dp T cells could play an important role in the immune response and pathologies of dogs. 
However, a limitation of these studies is their focus on peripheral blood. In that way, tissue-resident 
T cells that do not (or only shortly) appear in the circulation, but which are crucial for local protection 
and pathogenesis of multiple diseases in humans, are missed out (CLARK 2015, MASOPUST and 
SOERENS 2019). Therefore, an analysis of CD4+CD8α+ dp T cells in canine lymphoid and non-
lymphoid tissues was still pending. 
1.3.2 γδ T cells 
Apart from TCRαβ, T cells can express another type of T cell receptor consisting of a γ and a δ 
chain, termed TCRγδ (PRINZ et al. 2013). In humans and mice, they only comprise a small fraction 
of all circulating T cells, yet they can be found more abundantly at epithelial surfaces, such as the 
respiratory, genital, or digestive tract (CHIEN et al. 2014). Most human γδ T cells are CD4-CD8α- 
double-negative (dn) (PISTOIA et al. 2018). This is also the case with ruminants and pigs, and inter-
estingly, numerous γδ T cells can be found in peripheral blood of these species (GUERRA-MAU-
POME et al. 2019, SAALMÜLLER et al. 1990). Research in mice and humans revealed that γδ T 
cells take an intermediate position between the innate and adaptive immune system. Antigen recog-
nition is not restricted to peptides presented via MHCI or II. They rather recognize different stress-
induced stimuli (e.g. microbial and endogenous phosphoantigens or retinoic acid early transcript 1, 
RAE1) not only via TCRγδ, but also via the natural killer receptor NKG2D or PRR such as Toll-like 
receptors and dectin 1. This enables γδ T cells to rapid activation and on site reaction (BONNEVILLE 
et al. 2010, VANTOUROUT and HAYDAY 2013). Regarding effector functions, γδ T cells are able 
to exert cytotoxicity by secretion of perforin and granzymes resp. induction of the Fas-pathway 
(CARDING and EGAN 2002, DIELI et al. 2001, QIN et al. 2009). In mice, humans, and ruminants γδ 
T cells are considered as main source of IL-17 besides Th17 (AKITSU and IWAKURA 2018, 
GUERRA-MAUPOME et al. 2019, SILVA-SANTOS et al. 2015). Furthermore, they can secrete the 
effector cytokines of Th1 (TNF-α and IFN-γ), and Th2 (IL-4, IL-5, IL-13) as well as Treg (TGF-β, 
IL-10) with corresponding effects (BONNEVILLE et al. 2010). As part of tissue-resident intraepithelial 
lymphocytes (IEL), γδ T cells contribute to tissue homeostasis and repair (NIELSEN et al. 2017). 
With the development of a monoclonal antibody specific for canine TCRγδ, studies on the distribution 
of canine γδ T cells in peripheral blood and tissues became possible. Immunohistological and flow 
cytometric examination of the canine intestine revealed a large portion of γδ T cells in the intestinal 
epithelium with an age-dependent CD4-CD8α- dn (neonates) or CD8αα+ single-positive (sp) pheno-
type (GERMAN et al. 1999, LUCKSCHANDER et al. 2009). Similar to humans and mice, canine γδ 
T cells only comprise a minor portion in peripheral blood and lymphatic organs (GIBSON et al. 2004, 




in dogs with inflammatory bowel disease (IBD) (GALLER et al. 2017). Further analyses concerning 
phenotype and function of canine γδ T cells were still missing. 
1.3.3 CD4-CD8α- double-negative αβ T cells 
αβ T cells that neither express CD4 nor CD8α represent a small subpopulation of approximately 1 – 
3% of all CD3+ T cells in peripheral blood of humans and mice (FISCHER et al. 2005, ZHANG et al. 
2000). In higher numbers they are found in the murine and human kidney (ASCON et al. 2008, 
MARTINA et al. 2016) or the murine female genital tract (JOHANSSON and LYCKE 2003). Human 
TCRαβ+CD4-CD8α- dn T cells comprise naïve and antigen-experienced effector cells mainly produc-
ing IFN-γ as well as IL-4, IL-5 and IL-10 (FISCHER et al. 2005, VOELKL et al. 2011). The most 
intriguing function of these cells in humans as well as mice is their ability to control immune re-
sponses both in vitro and in vivo. Therefore, they are also termed dn regulatory T cells (dn Treg) 
(FISCHER et al. 2005, TIAN et al. 2019, VOELKL et al. 2011, ZHANG et al. 2001), yet they lack 
expression of FoxP3 and barely express CD25 (FISCHER et al. 2005, HILLHOUSE et al. 2010, 
PRIATEL et al. 2001, VOELKL et al. 2011, ZHANG et al. 2007). In this context dn Treg are able to 
prevent allograft rejection (CHEN et al. 2003, ZHANG et al. 2000), graft-versus-host disease (HE et 
al. 2007, MCIVER et al. 2008, YOUNG et al. 2002, YOUNG et al. 2003), or auto-immune diabetes 
(DUGAS et al. 2010, DUNCAN et al. 2010, FORD et al. 2007, ZHANG et al. 2011). On the other 
hand, involvement of TCRαβ+CD4-CD8α- dn T cells in the pathogenesis of autoimmune diseases by 
production of pro-inflammatory cytokines like IL-17A or IFN-γ indicates their potentially detrimental 
function (reviewed by BRANDT and HEDRICH 2018). Human TCRαβ+CD4-CD8α- dn T cells were 
implicated in systemic lupus erythematosus (SLE) (CRISPÍN et al. 2008, DEAN et al. 2002, LAI et 
al. 2013), psoriasis (BRANDT et al. 2017, UEYAMA et al. 2017) or myasthenia gravis (REINHARDT 
and MELMS 2000), which are also diseases occurring in dogs.  
Canine TCRαβ+CD4-CD8α- dn T cells have often been neglected in flow cytometric analyses. So, 
only single reports on this T cell subpopulation exist for dogs (ALEXANDRE-PIRES et al. 2010, 
LUCKSCHANDER et al. 2009, MAINA et al. 2019) and no further characterization had been per-
formed yet.  
1.4 Aims of this study 
The aim of this study was to provide an overview on the occurrence and phenotype of non-conven-
tional T cells in canine peripheral blood and tissues. This is the basis for further studies regarding in 
vivo regulatory and/or effector functions of these cells and their role in diseases of dogs. 
The first part of this work extends earlier studies of CD4+CD8α+ dp T cells in peripheral blood (BIS-




dp T cells in lymphatic (lymph nodes, spleen, Peyer’s patches, PP) and non-lymphatic organs (lung 
and epithelium of the small intestine) of healthy Beagle dogs. Of interest were tissue-specific ex-
pression patterns of TCRαβ vs. TCRγδ, CD8αβ vs. CD8αα, the activation marker CD25, the Treg 
transcription factor FoxP3 and also the cytotoxic molecule granzyme B. 
The second part of this work is a first characterization of canine TCRαβ+CD4-CD8α- dn and γδ T cells 
in peripheral blood and tissues mentioned above. We were interested in frequencies and tissue dis-
tribution. Moreover, for defining their functional potential expression of key transcription factors (e.g. 
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S1 Fig. The separation of the epithelium from Peyer’s Patches and small intestinal villi was confirmed 
by hematoxylin and eosin (H&E) staining before and after treatment with DTE/EDTA. Representative 
H&E-stained sections of Peyer’s patches (A) and small intestine (B) before DTE/EDTA treatment are shown. 
Normal villous architecture with intact epithelium is visible. After DTE/EDTA treatment, the epithelial layer is 
removed from Peyer’s patches (C), and from the villi (D), respectively. For the latter this is displayed at higher 




S2 Fig. General gating strategy used in flow cytometric analyses. Representative pseudocolor plots of 
Peyer’s patches are depicted to show the general gating strategy. After exclusion of dead cells (A), gating on 
lymphocytes was performed according to their forward and side scattering (FSC/SSC) properties (B). Follow-






S3 Fig. The absence of TCRγδ corresponds with the presence of TCRαβ on CD4+CD8α+ double-positive 
(dp) T cells. (A) The expression of TCRαβ and TCRγδ on splenic CD4+CD8α+ dp T cells was analyzed by flow 
cytometry. Shown are pseudocolor plots of one representative dog. (B) Proportions of TCRγδ (grey dots) vs. 
TCRαβ (black dots) expression of mature splenic CD4+CD8α+ dp T cells were quantified. Each dot represents 






S4 Fig. In lymph nodes, FoxP3+CD4+CD8α+ double-positive (dp) T cells are mainly CD25high. (A) Mesen-
teric lymph node CD4+CD8α+ dp T cells were analyzed for CD25 and FoxP3 expression. Representative plots 
show the distribution of FoxP3+ cells in CD25neg, CD25dim and CD25high subpopulations. The frequency (B) and 
mean fluorescence intensity (MFI) (C) of FoxP3 expression in CD25neg, CD25dim, and CD25high CD4+CD8α+ dp 
T cells in lymph nodes was quantified. Each symbol represents one individual dog, the horizontal bars indicate 
median values. Statistical analysis was performed by One-way ANOVA with Dunn’s Multiple Comparison Test 
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In the following, emphasis will be given to aspects which have not been discussed extensively in 
each of the two publications (see above): (i) tissue distribution of canine CD4+CD8α+ dp T cells, (ii) 
potential role of canine CD4-CD8α- dn T cells. 
3.1 Canine non-conventional CD4+CD8α+ double-positive T cells are a homogene-
ous population enriched at mucosal sites 
As described above, we found a homogeneous TCRαβ+CD4+CD8αα+CD25+ dp T cell population in 
canine spleen, duodenal/jejunal Peyer’s patches (PP), and lung. While CD4+CD8α+ dp T cells were 
very low in number and heterogeneous regarding expression levels of CD4 and CD8α in lymph 
nodes, they were most abundant in PP of the proximal small intestine. PP as part of the mucosa-
associated lymphoid tissue (MALT) – or more precisely the gut-associated lymphoid tissue (GALT) 
– are considered as main site of IgA production. Being permanently exposed to a great variety of 
antigens of the gut lumen, PP take a unique position among all secondary lymphatic tissues (STE-
BEGG et al. 2018). This might be a reason for the accumulation of CD4+CD8α+ dp T cells in canine 
PP. Interestingly, within canine tonsils, which are also lymphoid tissues highly exposed to antigens 
(BRANDTZAEG 2011), frequencies of CD4+CD8α+ dp T cells are rather comparable to peripheral 
blood and lymph nodes than to PP (unpublished data). The question arises whether the gut microbial 
flora has an influence on the development of canine CD4+CD8α+ dp T cells like it has been observed 
by SINKORA et al. 2011 for porcine CD4+CD8α+ dp T cells from PP. This group compared the cellular 
composition of several porcine lymphoid organs in germ-free animals before and after colonization 
with apathogenic Escherichia coli resp. commensal gut flora. A significant increase in CD4+CD8α+ 
dp T cells in bone marrow and PP was demonstrated after colonization of the intestine. Histologically, 
PP are organized into several regions: 1. The follicle-associated epithelium with M cells specialized 
on transcytosis of antigens; 2. The subepithelial dome dominated by dendritic cells taking up antigen 
from M cells and presenting them to B cells; 3. Large B cell follicles with germinal centers as main 
site of IgA production; 4. Small T cell zones next to the follicles (HOGENESCH et al. 1987, HOGEN-
ESCH and FELSBURG 1990, REBOLDI and CYSTER 2016). In addition to the T cell zones, where 
naïve T cells become activated following antigen encounter (ANDRIAN and MACKAY 2000), some 
T cells are scattered over the B cell follicles (HOGENESCH and FELSBURG 1992). As described 
above, these T cells were identified in human lymphoid tissues as C-X-C motif chemokine receptor 
5 (CXCR5)+CD4+ follicular T helper (Tfh) specialized on B cell help with B cell lymphoma 6 protein 
(BCL6) as master transcription factor (reviewed by CROTTY 2019). Furthermore, CD8α+CXCR5+ 
effector memory Tfh with anti-viral functions have been identified in humans, simians and mice (re-
viewed by PERDOMO-CELIS et al. 2017). Interestingly, murine Tfh of PP develop from FoxP3+ Treg, 




murine lamina propria CD4+FoxP3+ Treg to CD4+CD8αα+ dp IEL which forfeit FoxP3 expression 
upon migration into the intestinal epithelium (SUJINO et al. 2016). Considering the striking differ-
ences in the function of T cells depending on their localization within lymphoid tissue, an immuno-
histological examination of canine Peyer’s patches and other lymphoid organs would be useful. Im-
munofluorescent co-staining of CD4 and CD8α on canine tissue has recently been established by 
myself (data not shown) and can be used in subsequent experiments to provide evidence whether 
canine CD4+CD8α+ dp T cells comprise subsets of Tfh. In addition, expression of BCL6 and CXCR5 
in CD4+CD8α+ dp T cells should be examined. While an anti-human-BCL6 antibody cross-reactive 
to dog tissue has already been successfully used by several groups (SATO et al. 2012, STEIN et al. 
2019), expression of CXCR5 could be examined by RT-qPCR following sorting of CD4+CD8α+ dp T 
cells. 
Regarding CD4+CD8α+ dp T cells of canine small intestinal IEL, our analyses concerning their fre-
quency are consistent with the results of SONEA et al. 2000. However, only three-color flow cytom-
etry was conducted in this study, whereby a more detailed analysis was not possible. We character-
ized canine small intestinal CD4+CD8α+ dp IEL as CD4+CD8αα+ mainly expressing TCRαβ. This is 
in line with the phenotype of CD4+CD8α+ dp IEL of mice (MORRISSEY et al. 1995, MOSLEY et al. 
1990). Like CD4+CD8α+ dp T cells of porcine Peyer’s patches, these cells are absent in germ-free 
animals (MUCIDA et al. 2013, SUJINO et al. 2016) and can be induced by microbiota (CERVANTES-
BARRAGAN et al. 2017). For humans, TCRαβ+CD4+CD8αα+ dp IEL have also been described 
(JARRY et al. 1990, LATTHE et al. 1994). Though, MAYASSI and JABRI 2018 call for further char-
acterization of human TCRαβ+CD4+CD8α+ dp IEL, as γδ T cells have not been excluded in the stud-
ies mentioned above (JARRY et al. 1990, LATTHE et al. 1994). The small intestinal epithelium of 
pigs also contains TCRαβ+CD4+CD8α+ dp IEL, yet the composition of the CD8 molecule has not yet 
been studied at this location (WIARDA et al. 2020). Canine IEL have already been thoroughly char-
acterized by LUCKSCHANDER et al. 2009. The latter performed a comprehensive investigation of 
canine αβ and γδ IEL in neonates and adult dogs. However, CD4+CD8α+ dp T cells were disregarded 
in this study (LUCKSCHANDER et al. 2009). As canine CD4+CD8α+ dp T cells of peripheral blood 
increase with age (BISMARCK et al. 2012), one would have expected a higher portion of CD4+CD8α+ 
dp T cells in their IEL samples of adult Beagle dogs (mean age 8.2 +/- 2.8 years) than ours (age 
range 0.8 - 1.2 years). Interestingly, the number of porcine CD4+CD8α+ dp IEL decreases with age, 
whereas CD8α+ sp T cells increase (WIARDA et al. 2020). This is in contrast to porcine CD4+CD8α+ 
dp T cells of peripheral blood (ZUCKERMANN 1999) and underlines the fact that intestinal intraepi-
thelial lymphocytes do not follow the rules valid for T cells at other locations (OLIVARES-VIL-
LAGÓMEZ and VAN KAER 2018). Accordingly, future studies focusing on canine CD4+CD8α+ dp 





Finally, we found a small, but distinct and homogeneous TCRαβ+CD4+CD8αα+ dp T cell population 
in canine lungs. Lung leukocytes of dogs are scattered throughout the alveolar interstitium. An orga-
nized bronchus-associated lymphoid tissue (BALT), however, is absent under healthy conditions 
(PEETERS et al. 2005). This is in clear contrast to the canine GALT, which is always present in an 
organized structure independent of the health status (own observations, unpublished; GERMAN et 
al. 1999, HOGENESCH et al. 1987) and might be a reason for the much smaller CD4+CD8α+ dp T 
cell population in lungs than in PP. One wonders whether canine pulmonary diseases associated 
with BALT formation result in an increase of lung CD4+CD8α+ dp T cells, which should be the object 
of further research. 
In summary, our study characterizes canine CD4+CD8α+ dp T cells as an activated T cell subpopu-
lation enriched at mucosal sites and emphasizes the need for tissue investigation in addition to pe-
ripheral blood. 
3.2 Canine non-conventional CD4-CD8α- double-negative T cells are unique in abun-
dance and phenotype 







CD25+FoxP3- + - - 
CD25+FoxP3+ + - - 
GATA-3+FoxP3+ + - - 
GATA-3+FoxP3- + + - 
IL-17A + - - 
IFN-γ + - + 
T-bet low low + 
Granzyme B low low + 
 
In our study on TCRαβ+CD4-CD8α- dn and γδ T cells, we found a much larger TCRαβ+CD4-CD8α- 
dn T cell population in canine peripheral blood than it is known for mice and humans (HILLHOUSE 
and LESAGE 2013). Furthermore, to the best of our knowledge, this T cell subpopulation has not 
yet been comprehensively characterized in other domestic animals. Canine TCRαβ+CD4-CD8α- dn 
T cells consist of several subpopulations expressing key transcription factors or cytokines of their 
single-positive counterparts (summarized in table 1). First of all, the Treg-like CD25+FoxP3+ subpop-




T cells of these species exhibit regulatory functions (D'ACQUISTO and CROMPTON 2011, HILL-
HOUSE and LESAGE 2013). However, neither murine nor human TCRαβ+CD4-CD8α- dn T cells 
express FoxP3, the master transcription factor of CD4+CD25+ sp Treg (FISCHER et al. 2005, HILL-
HOUSE et al. 2010, VOELKL et al. 2011, ZHANG et al. 2007). This reflects a remarkable difference 
to canine TCRαβ+CD4-CD8α- dn T cells, which clearly express this regulatory marker. Analyses of 
the cytokines IL-10 and TGF-β as well as in vitro suppression assays are necessary to confirm the 
hypothesis of canine suppressive TCRαβ+CD4-CD8α- Treg-like cells. Due to the lack of canine-spe-
cific or cross-reactive anti-IL-10 or anti-TGF-β-antibodies, single-cell RNA in situ hybridization in 
combination with flow cytometry would be a useful method to detect expression of these cytokines 
on a single-cell-level. First attempts to establish a protocol have been made by myself, whereas 
PINHEIRO et al. 2011 have already established an in vitro suppression assay for canine conven-
tional CD4+CD25+FoxP3+ Treg. This group already suspected but did not provide evidence for the 
existence of canine CD4-CD8α- dn Treg and demanded further analyses. Among the FoxP3+ Treg-
like TCRαβ+CD4-CD8α- dn subpopulation we found a subset co-expressing GATA-3, the master 
transcription factor of Th2 cells (ZHENG and FLAVELL 1997, ZHU et al. 2004). As mentioned above, 
human or murine TCRαβ+CD4-CD8α- dn T cells are FoxP3- (FISCHER et al. 2005, HILLHOUSE et 
al. 2010, VOELKL et al. 2011, ZHANG et al. 2007).Thus, in humans FoxP3+GATA-3+ TCRαβ+CD4-
CD8α- dn hybrid cells are lacking. However, CD4+ sp FoxP3+GATA-3+ hybrid cells seem to play a 
crucial role in maintenance of the regulatory function of murine as well as human tissue Treg (WANG 
et al. 2011, WOHLFERT et al. 2011). In addition, the question arises whether this subset might 
selectively suppress Th2 immune responses, as RUDRA et al. 2012 demonstrated that murine Treg 
lacking GATA-3 were not able to do so. On the other hand, co-expression of GATA-3 in canine 
FoxP3+ Treg-like TCRαβ+CD4-CD8α- dn T cells could imply an additional potential to exert type 2 
immune responses when needed. A study investigating allergen-induced CD4+FoxP3+GATA-3+ Treg 
in asthmatic children demonstrated production of IL-5 and IL-13 as well as suppressive capacity of 
this T cell subset (REUBSAET et al. 2013). Since allergies are of great importance in dog internal 
medicine (MARSELLA and BENEDETTO 2017), a further investigation of the FoxP3+GATA3+ hybrid 
as well as the large Th2-like FoxP3-GATA-3+ TCRαβ+CD4-CD8α- dn T cell subset is needed. In ad-
dition to the aforementioned cytokines IL-10 and TGF-β, expression of IL-4, IL-5 and IL-13 by 
TCRαβ+CD4-CD8α- dn T cells should be the object of future research. Of note, human 
TCRαβ+CD4-CD8α- dn T cells are able to produce increased amounts of IL-4 in patients with SLE 
(DEAN et al. 2002). It is also known that TCRαβ+CD4-CD8α- dn T cells in human SLE patients con-
tribute to the production of autoantibodies and secrete the pro-inflammatory cytokines IFN-γ and 
IL-17A (CRISPÍN et al. 2008, KATO and PERL 2014, LAI et al. 2013). Since we have shown that 
TCRαβ+CD4-CD8α- dn T cells of healthy dogs are also able to produce IFN-γ as well as IL-17A, it 
would be of high interest whether they are also involved in the pathogenesis of the canine variant of 




i.e. joints, skin, and kidneys (FOURNEL et al. 1992), would be an informative supplement to our 
study. Accordingly, it is already known that TCRαβ+CD4-CD8α- dn T cells accumulate in human and 
murine kidneys (ASCON et al. 2008, MARTINA et al. 2016). Recently, murine kidney 
TCRαβ+CD4-CD8α- dn T cells have been studied for mechanisms of activation, revealing - similarly 
as for other T cell subsets - a crucial role of IL-2, but also their ability to respond to external stimuli 
in an MHC-independent manner. Furthermore, they seem to be dependent on non-classical β2-mi-
croglobulin (β2m) molecules for homeostasis (SADASIVAM et al. 2019). β2m molecules are also 
part of MR1, the receptor presenting microbial-derived vitamin B metabolites to MAIT cells (KELLER 
et al. 2017). MAIT cells are abundant in human peripheral blood and enriched at mucosal sites, such 
as the intestine (GODFREY et al. 2019). GHERARDIN et al. 2018 identified five subsets of human 
MAIT cells, thereof being 14.3% of CD4-CD8α- dn and 1.3% of CD4+CD8α+ dp phenotype. Further-
more, human MAIT cells exhibit an effector phenotype and can produce IFN-γ, TNF-α, IL-2, IL-17A, 
and IL-22 (GHERARDIN et al. 2018). MAIT cells have also been identified in mice, cattle and pigs 
(GODFREY et al. 2019, GOLDFINCH et al. 2010, XIAO et al. 2019). Regarding the similarities to 
our findings in canine TCRαβ+CD4-CD8α- dn and – to a lesser extent –  TCRαβ+CD4+CD8α+ dp T 
cells, it is of particular interest whether canine non-conventional T cells comprise a subset of MAIT 
cells, too. Since MAIT cells have not yet been identified in the canine species, a first step would be 
the analysis of the T cell receptor repertoire of canine TCRαβ+CD4-CD8α- dn and 
TCRαβ+CD4+CD8α+ dp T cells. For dogs, the TCRα/β repertoire could be analyzed by high-through-
put sequencing using the 5’RACE (rapid amplification of cDNA ends) approach that was applied to 
characterize the canine immunoglobulin heavy chain repertoire before (HWANG et al. 2018). Since 
the majority of human TCRαβ+CD4-CD8α- dn T cells has been shown to express a largely polyclonal 
TCR repertoire (FISCHER et al. 2005), I still expect MAIT cells to make up only a small fraction of 
the total canine TCRαβ+CD4-CD8α- dn T cell pool. Nevertheless, characterization of MAIT cells in 
dogs would be a milestone. 
The small population of circulating canine γδ T cells comprises TCRγδ+CD8α+ sp as well as 
TCRγδ+CD4-CD8α- dn T cells. Canine TCRγδ+CD8α+ sp T cells resemble their TCRαβ+ counterparts 
in regard to expression of T-bet, IFN-γ and granzyme B. This suggests comparable cytotoxic poten-
tial resp. Th1 polarization and should be verified by in vitro cytotoxicity assays in future studies. 
CD8α+ γδ T cells are also present in chicken (BERNDT et al. 2006, GÖBEL et al. 1996) and swine. 
Interestingly, porcine CD8α+ γδ T cells express perforin as well as T-bet (RODRÍGUEZ-GÓMEZ et 
al. 2019). The latter group also identified a large proportion of porcine GATA-3 expressing γδ T cells, 
being of a perforin-CD8α-/dim phenotype that did not express IL-4. Consequently, they suspect this 
cellular population to be naïve. Similarly, we found a large subset of GATA-3+CD4-CD8α- dn T cells 
neither expressing CD25, T-bet or granzyme B within canine peripheral blood γδ T cells. Whether 
these cells are capable to produce Th2-associated cytokines (IL-4, IL-5, or IL-13) should be as-




γδ T cells in skin sections from dogs diagnosed with atopic dermatitis, suggesting an involvement of 
canine γδ T cells in the pathogenesis of allergies. 
3.3 Concluding remarks 
This is the first study providing an overview on canine non-conventional T cell subsets of peripheral 
blood resp. tissues. We identified several interesting subpopulations according to TCR and co-re-
ceptor distribution: Besides the conventional TCRαβ expressing CD4+ and CD8α+ sp T cells, dogs 
possess TCRαβ+CD4+CD8α+ dp and TCRαβ+CD4-CD8α- dn T cells as well as CD8α+ sp and 
CD4-CD8α- dn γδ T cells. Intraepithelial lymphocytes of the small intestine additionally contain 
CD4+CD8α+ dp γδ T cells. Regarding this variety of T cell subpopulations comprising a broad range 
of functionally different subsets, it becomes clear that a detailed investigation of each subset is 
needed. A general conclusion about the role of CD4+CD8α+ dp or CD4-CD8α- dn T cells in the canine 
immune system is therefore not possible, even though I suspect them to be essential. Hence, the 
classical scheme of CD4+ and CD8α+ sp T cells as main effector/regulatory T cells in dogs should 
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Introduction: Conventional αβ T cells comprise the classical CD4+ single-positive (sp) T helper (Th) 
resp. T regulatory (Treg) and CD8αβ+ sp cytotoxic T cell subsets. However, further T cell subpopu-
lations either expressing T cell receptor αβ (TCRαβ) or γδ (TCRγδ) occur in mammals. In dogs, only 
the highly activated CD4+CD8α+ double-positive (dp) T cell population of peripheral blood has been 
characterized in detail. Yet, little is known about its distribution in lymphoid and non-lymphoid tissues. 
Furthermore, dogs possess αβ T cells neither expressing CD4 nor CD8α (CD4-CD8α- double-nega-
tive (dn) T cells) and γδ T cells, whose phenotype was still undefined. 
Aims of study: The objective of this study was to provide an overview on the occurrence and phe-
notype of non-conventional T cells in canine peripheral blood and tissues. To this end, CD4+CD8α+ 
dp, TCRαβ+CD4-CD8α- dn, and γδ T cells were characterized regarding expression of surface mark-
ers, key transcription factors, and cytokines. 
Animals, material and methods: Canine T lymphocytes from peripheral blood (sample size: n = 
10), Peyer’s patches (PP; n = 10), epithelium of the small intestine (IEL; n = 6), mesenteric lymph 
nodes (mLN; n = 10), tracheobronchial lymph nodes (tLN; n = 9), lung (n = 10), spleen (n = 10), and 
thymus (n = 10) were analyzed by flow cytometry. Due to the study design tissue samples had to be 
taken from a different group of healthy Beagle dogs (n = 12) than peripheral blood. CD4+CD8α+ dp 
T cells were studied for their tissue distribution, expression of T cell receptor type and composition 
of the CD8 dimer (i.e. CD8αα homodimer vs. CD8αβ heterodimer), as well as expression of the 
activation marker CD25. To define the potential function(s) of CD4+CD8α+ dp T cells in tissues, ex-
pression of the transcription factor forkhead box P3 (FoxP3) and the cytotoxic molecule granzyme B 
were analyzed. 
Furthermore, tissues and blood were studied for distribution of TCRαβ+CD4-CD8α- dn and γδ T cells. 
A comprehensive characterization of blood TCRαβ+CD4-CD8α- dn and γδ T cells was made by in-
vestigation of the following markers: CD25 and CD5, FoxP3, GATA-3, T-box transcription factor 




production (interferon γ (IFN-γ) and interleukin 17A, IL-17A) following stimulation of cells with phor-
bol-myristate-acetate (PMA)/ionomycin. Normally distributed data sets were analyzed using One-
way analysis of variance (ANOVA) with Bonferroni post hoc test (multiple groups) or unpaired Stu-
dent’s t-test (two-tailed; two groups). For nonparametric data, either Kruskal-Wallis H test with 
Dunn’s post-test (multiple groups) or Mann-Whitney U test (two-tailed; two groups) was applied. 
Results: Canine CD4+CD8α+ dp T cells of tissues can be mainly described as 
TCRαβ+CD4+CD8αα+CD25+ accumulating in PP (1.6% on average). Although not homogeneous in 
expression levels of CD4 and CD8α and low in number (0.2% on average), CD4+CD8α+ dp T cells 
of LN are partly FoxP3+. This indicates regulatory potential of this subset. Some CD4+CD8α+ dp T 
cells of IEL express TCRγδ and/or granzyme B, underlining the uniqueness of intestinal intraepithe-
lial lymphocytes. 
TCRαβ+CD4-CD8α- dn T cells make up a substantial portion of all αβ T cells in blood (median 14.4%) 
and tissues (median 15% (lung) – 7.5% (PP)) with a remarkably high expression level of CD25. 
CD25 is either co-expressed with FoxP3 (reminiscent of a regulatory phenotype), or without FoxP3 
(reminiscent of an effector phenotype). In addition, subsets expressing IFN-γ, GATA-3, or IL-17A 
suggest properties of conventional type 1 T helper cells (Th1), Th2, and Th17, respectively. Interest-
ingly, FoxP3+GATA-3+ hybrid cells were found, too. Canine γδ T cells, on the other hand, are either 
CD8α+ sp or CD4-CD8α- dn. While TCRγδ+CD8α+ sp T cells resemble their TCRαβ+CD8αβ+ cytotoxic 
T cell counterparts (T-bet+, IFN-γ+, granzyme B+), TCRγδ+CD4-CD8α- dn T cells express GATA-3, 
and only low levels of T-bet and granzyme B. 
Conclusions: This is the first study providing a comprehensive overview on canine non-conven-
tional T cell subsets. Regarding tissue distribution, abundance and functions resp. functional poten-
tial of these T cells, it is conceivable that they play a major role in health and diseases of dogs. 
Further studies examining this topic will be needed. Of note, the classical scheme of CD4+ sp Th/Treg 
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Einleitung: Zu den konventionellen αβ T-Zellen zählen die klassischen CD4+ einfach-positiven T-
Helfer (Th) bzw. regulatorischen T-Zellen (Treg) sowie CD8αβ+ einfach-positive zytotoxische T-Zel-
len. Säugetiere besitzen jedoch noch weitere T-Zell-Subpopulationen, die entweder den T-Zell-Re-
zeptor αβ (TCRαβ) oder γδ (TCRγδ) exprimieren. Bei Hunden wurde bisher nur die hoch aktivierte 
CD4+CD8α+ doppelt-positive (dp) T-Zellpopulation des peripheren Blutes detailliert charakterisiert. 
Über ihre Verteilung in lymphatischem und nicht lymphatischem Gewebe ist jedoch wenig bekannt. 
Darüber hinaus besitzen Hunde αβ T-Zellen, die weder CD4 noch CD8α (CD4-CD8α- doppelt-nega-
tive (dn) T-Zellen) exprimieren, sowie γδ T-Zellen, deren Phänotyp bisher noch nicht untersucht 
wurde. 
Ziele der Studie: Ziel dieser Studie war es, einen Überblick über das Vorkommen und den Phänotyp 
von nichtkonventionellen T-Zellen im peripheren Blut und Geweben des Hundes zu bieten. Zu die-
sem Zweck wurden CD4+CD8α+ dp, TCRαβ+CD4-CD8α- dn und γδ T-Zellen hinsichtlich der Expres-
sion von Oberflächenmarkern, wichtigen Transkriptionsfaktoren und Zytokinen charakterisiert. 
Tiere, Material und Methoden: Canine T-Zellen Zellen aus dem Blut (Stichprobenumfang: n = 10) 
sowie aus den Peyerschen Platten (PP; n = 10), dem Dünndarmepithel (IEL; n = 6), den mesenteri-
alen Lymphknoten (mLN; n = 10), tracheobronchialen Lymphknoten (tLN; n = 9), der Lunge (n = 10), 
Milz (n = 10) und dem Thymus (n = 10) wurden mittels Durchflusszytometrie analysiert. Das Stu-
diendesign erforderte, dass die Gewebeproben von einer anderen Gruppe gesunder Beagle-Hunde 
(n = 12) entnommen wurden als das periphere Blut. CD4+CD8α+ dp T-Zellen wurden auf ihre Gewe-
beverteilung, die Expression des T-Zell-Rezeptortyps und die Zusammensetzung des CD8-Dimers 
(d.h. CD8αα Homodimer vs. CD8αβ Heterodimer) sowie die Expression des Aktivierungsmarkers 
CD25 untersucht. Um Hinweise auf die potenzielle(n) Funktion(en) von CD4+CD8α+ dp T-Zellen in 
Geweben zu erhalten, wurde die Expression des Transkriptionsfaktors Forkhead Box P3 (FoxP3) 




Darüber hinaus wurden Gewebe und Blut auf die Verteilung von TCRαβ+CD4-CD8α- dn und γδ T-
Zellen untersucht. Eine umfassende Charakterisierung von TCRαβ+CD4-CD8α- dn und γδ T-Zellen 
des peripheren Blutes erfolgte durch die Untersuchung der folgenden Marker: CD25 und CD5, 
FoxP3, GATA-3, T-Box-Transkriptionsfaktor TBX21 (T-bet) und Granzym B. Im Rahmen funktionel-
ler Analysen wurde die Zytokinproduktion (Interferon-γ (IFN-γ) und Interleukin-17A, IL-17A) nach 
Stimulation der Zellen mit Phorbol-Myristat-Acetat (PMA)/Ionomycin durchgeführt. Normalverteilte 
Datensätze wurden mittels einfaktorieller Varianzanalyse (ANOVA) mit Bonferroni-Post-Hoc-Test 
(Vergleich mehrerer Gruppen) oder ungepaartem t-Test (zweiseitig; Vergleich zweier Gruppen) ana-
lysiert. Bei nichtparametrischen Daten wurde entweder der Kruskal-Wallis H-Test mit Dunn's Post-
Test (Vergleich mehrerer Gruppen) oder der Mann-Whitney U-Test (zweiseitig; Vergleich zweier 
Gruppen) angewandt. 
Ergebnisse: Canine CD4+CD8α+ dp T-Zellen der Gewebe sind hauptsächlich 
TCRαβ+CD4+CD8αα+CD25+ und akkumulieren in den PP (durchschnittlich 1.6 %). Obwohl 
CD4+CD8α+ dp T-Zellen der LN CD4 und CD8α nicht gleich stark exprimieren und zahlenmäßig ge-
ring (durchschnittlich 0,2 %) sind, sind sie teilweise FoxP3+. Dies weist auf ein regulatorisches Po-
tential dieser Untergruppe hin. Einige CD4+CD8α+ dp T-Zellen der IEL exprimieren TCRγδ und/oder 
Granzym B, was die Einzigartigkeit der intestinalen intraepithelialen Lymphozyten unterstreicht. 
TCRαβ+CD4-CD8α- dn T-Zellen machen einen wesentlichen Anteil aller αβ T-Zellen in Blut (Median 
14,4 %) und Gewebe (Median 15 % (Lunge) - 7,5% (PP)) aus und besitzen ein bemerkenswert 
hohes Expressionsniveau an CD25. CD25 wird entweder mit FoxP3 (hinweisend auf einen regula-
torischen Phänotyp) oder ohne FoxP3 (hinweisend auf einen Effektorphänotyp) exprimiert. Zusätz-
lich weisen IFN-γ, GATA-3 oder IL-17A-exprimierende Subpopulationen Eigenschaften von konven-
tionellen Typ 1 T-Helferzellen (Th1), Th2 bzw. Th17 auf. Interessanterweise wurden auch 
FoxP3+GATA-3+-Hybridzellen gefunden. Canine γδ T-Zellen hingegen sind entweder CD8α+ ein-
fach-positiv oder CD4-CD8α- dn. Während TCRγδ+CD8α+ einfach-positive T-Zellen ihren zytotoxi-
schen TCRαβ+CD8αβ+ T-Zell-Pendants ähneln (T-bet+, IFN-γ+, Granzym B+), exprimieren 
TCRγδ+CD4-CD8α- dn T-Zellen GATA-3 und nur geringe Mengen an T-bet und Granzym B. 
Schlussfolgerungen: Dies ist die erste Studie, die einen umfassenden Überblick über nichtkonven-
tionelle T-Zell-Populationen des Hundes bietet. Hinsichtlich ihrer Gewebeverteilung, ihrer Anzahl 
und ihres funktionellen Potentials ist es wahrscheinlich, dass diese Zellen an wichtigen Immunreak-
tionen sowie an der Pathogenese von Erkrankungen des Hundes beteiligt sind. Hierzu werden wei-
tere Studien erforderlich sein. Es ist anzumerken, dass das klassische Schema der CD4+ und 
CD8αβ+ einfach-positiven T-Zellen als canine Haupteffektor- bzw. regulatorische T-Zellen neu über-
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